We investigated the temperature dependence of the upper critical field [H c2 (T )] of fluorine-free 
I. INTRODUCTION
The upper critical field, H c2 , is one of the most important superconducting parameters, providing a valuable insight into the pairing mechanism and information on fundamental superconducting properties such as coherence length scales. The temperature dependence of the upper critical field H c2 (T ) and its anisotropy are sensitive to the details of the underlying electronic structures and reflect the dimensionality of superconductivity. Furthermore, H c2 is related to the critical current density, which is an important material parameter for application purposes.
After the discovery of iron-pnictides-based superconductors [1] , REFeAsO 1−x F x (RE = rare-earth elements), with relatively high superconducting transition temperature (T c ), many efforts have been made to investigate their H c2 (T ). REFeAsO 1−x F x has a layered structure with alternating stacks of insulating REO and conducting FeAs layers. Despite the presence of the two-dimensional nature in the materials, most of studies on H c2 (T ) of REFeAsO 1−x F x have been limited to polycrystals [2, 3] because of the difficulty with growing REFeAsO 1−x F x single crystals. Therefore, recent investigations of single crystals have been more focused on AEFe 2 As 2 (AE = alkaline-earth elements) [4, 5, 6] single crystals, which can be grown with relative ease in the ambient conditions. High-field measurements on electron-and holedoped AEFe 2 As 2 single crystals and films [7, 8, 9, 10, 11] showed that H c2 (T ) in a c-axis (T ) at T far below T c , leading to the almost isotropic superconductivity in the zero-temperature limit. Such a quasi-isotropic property of H c2 (T ) in a layered structure is quite intriguing and has been attributed to the multi-band effect [9, 10, 11] .
Recently single crystalline REFeAsO 1−x F x (RE = Sm, Nd, Pr) [12, 13, 14, 15] were successfully grown by using the flux-growth technique or the high-pressure-high-temperature technique. There is, however, a single report on the H c2 (T ) of REFeAsO 1−x F x single crystals for NdFeAsO 0.7 F 0.3 at temperatures far below T c , where H c2 (T ) was traced by high-field resistivity measurements using pulsed magnetic field up to 60 T [16] . H c c2 (T ) in the study exhibited a pronounced upturn curvature at low temperatures [16] . By contrast, H ab c2 (T ) showed a downturn curvature in the low-temperature range [16] . Apparently, the tempera-ture dependence of H c c2 for NdFeAsO 1−x F x , despite being common iron-arsenic compounds, appears to be quite different from that of AEFe 2 As 2 . Thus, it is highly required to examine any common or dissimilar H c2 (T ) behavior of different compounds of REFeAsO 1−x F x , both in c-axis and in ab-planar fields, by adopting high-quality single crystals.
In this paper, we present H c2 (T ) for the magnetic fields along the c-axis (H c ) and in the ab-plane (H ab ) for single crystals of oxygen-deficient SmFeAsO 0.85 and fluorine-doped SmFeAsO 0.8 F 0.2 . H c2 (T ) were determined from the resistive transition in pulsed (static) magnetic fields up to 60 T (6.9 T). The sublinear increase of H ab c2 (T ) with decreasing temperature below T c , as previously seen in a NdFeAsO 0.7 F 0.3 single crystal [16] and in AEFe 2 As 2 compounds [7, 8, 9, 10, 11] , was also observed in our crystals. On the other hand, H c c2 (T )'s of our SmFeAsO 0.85 and SmFeAsO 0.8 F 0.2 crystals linearly increase with decreasing temperature near T c but tend to be saturated far below T c . This temperature dependence of H c c2 is in contrast to the linear temperature dependence found in AEFe 2 As 2 in all the temperature range below T c [7, 8, 9, 10, 11] and to the significant upturn behavior in NdFeAsO 0.7 F 0.3 single crystals below T c [16] . A deviation of H c2 (T ) from the conventional one-gap WerthamerHelfand-Hohenberg (WHH) prediction is found in our crystals. This feature, along with the reduction of its anisotropy with lowering temperatures, turns out to be common to iron-pnictides superconductors. Its detailed temperature dependence and the anisotropy, however, can be quite different depending on the compounds, which indicates the complex interplay of a multi-band nature and the paramagnetic effect.
II. EXPERIMENT
Single crystals of SmFeAsO 0.85 and SmFeAsO 0.8 F 0.2 with nominal compositions were grown using the self-flux method under high-temperature and high-pressure condition. Stoichiometric starting compounds of SmAs, Fe 2 O 3 , and Fe for SmFeAsO 0.85 single crystals and SmAs, FeAs, Fe 2 O 3 , Fe, and SmF 3 for SmFeAsO 0.8 F 0.2 single crystals were used. A pellet sealed in a boron-nitride container was placed in a cubic pyrophyllite cell equipped with a carbon heater. A 14-mm cubic multi-anvil-type press was used to pressurize the whole assembly. Heat treatment at 1350-1450
• C was done for 8-10 h under a constant pressure of 3.3 GPa, which was then followed by rapid cooling to room temperature. Details of the single-crystal growth are described elsewhere [17] . After the pressure was released, the final bulk was mechanically crushed to separate the single crystals from the flux. The resistive transition [R(T )] was measured in low applied magnetic fields up to 6.9 T.
Resistance as a function of fields [R(H)] up to 60 T was also measured at different temperatures in pulsed-field facilities at Hochfeld-Magnetlabor Dresden. During the measurements, magnetic fields were applied along the c axis and in the ab plane while maintaining the current flow of 1 mA normal to the magnetic field.
III. RESULTS
As shown in the lower insets of Figs According to the recent report [19] , fluorine does not fully substitute for oxygen and, thus, some oxygen vacancies remain in the crystal. The resulting additional scattering centers in It has been known that such a resistive tail can be explained in terms of the vortex-glass phase [25] . Therefore, the observation of the R(T ) tail in our crystals indicates the possible formation of the vortex-glass phase for H>2 T. In the same magnetic-field region of H c , the formation of vortex-liquid phase was also confirmed in NdFeAsO 1−x F x single crystals [26] .
Oxygen vacancies in both of our SmFeAsO 0.85 and SmFeAsO 0.8 F 0.2 crystals may have acted as random intrinsic point defects and induced the vortex-glass state. Detailed analysis on the vortex dynamics in our crystals will be presented separately [27] . (T ) exhibits a slight upturn variation for the 10% criteria but it turns gradually into a slight downturn curvature as one moves to 90% criteria, in particular for SmFeAsO 0.8 F 0.2 sample. Similar behavior has also been observed in cuprates [28, 29, 30, 31, 32] . The criteria-dependent discrepancy arises from the fact that the region near 10% of R n is related to the vortex-liquid phase while the region near 90% of R n is affected by the superconducting fluctuation [29, 30, 31, 32] . Thus, we adopt the 50%-R n criterion to determine H c2 (T ). The resultant H c2 (T ) for H c and H ab is summarized in Fig. 5(a) for the two crystals [3, 33] .
According to a recent report on high-field resistivity measurements in a NdFeAsO 0.7 F 0.3 single crystal up to 60 T [16] , H c2 (T ) for H c exhibits a pronounced upturn in the entire ranges of magnetic field 60 T and temperature below T c ∼45 K. This result is similar to the earlier report for polycrystalline samples [2, 3] , where the upturn shape of H [16] , respectively, below T c .
IV. DISCUSSION
First, we compare the H c2 (T ) data of our crystals with the conventional WHH theory [34] , which is based on the orbital effect arising from the Lorentz force acting on paired electrons with opposite momenta as the main cause of pair breaking. In addition, the theory is extended to include the effects of spin paramagnetism (α) and spin-orbit scattering (λ so ).
Here, we assume that the spin-orbit scattering due to impurities is negligible (λ so =0) [35] .
As shown in the Fig. 5 (T =0)=1.84T c (H=0) [36] is the Pauli or Clongston-Chandrasekhar-limit field for isotropic s-wave pairing in the absence of spin-orbit scattering in weakly coupled superconductors. λ ep is introduced to take into account the strong electron-boson (i.e., phonon) coupling in the system. If we take [16, 35, 37] In order to understand the detailed temperature dependence of H c c2 (T ), we consider the multi-band nature of iron-pnictides. It has been well-known that there are two different coexisting groups of Fermi surfaces: one with electron and the other with hole character [38, 39, 40, 41, 42] . Using the two-gap dirty-limit model of H c2 (T ) [43] are constants described with intraband-and interband-coupling constants λ 11,22 and λ 12, 21 in the bands 1 and 2, respectively. Precise definitions of a 0,1,2 can be found in Ref. [43] .
The equation of H c2 (T ) can be generalized to the case of a field inclined by angle θ with respect to the ab plane by adopting angle-dependent diffusivities, First, we consider the case of H c . As shown in Fig. 6 (a) Due to the quasi-two-dimensional Fermi-surface topology, for a H c , the cross-section of the Fermi-surface produces closed current loops that form vortices [45, 46, 47, 48, 49] .
Thus, for H c , the orbital pair-breaking mechanism plays a dominant role in destroying the superconductivity in high magnetic fields. Thus, the two-gap theory, taking into account the orbital pair-breaking effect, well describes our H c c2 (T ) data. For a H ab , however, closed loops cannot be easily formed because the cross-sectional area of the Fermi-surface is almost fully open [50] with negligible orbital effect, thus resulting in a rapid increase of H c2 (T ) near T c . Therefore, the spin-paramagnetic effect is a more dominant factor in reducing the increase rate of H ab c2 (T ) with decreasing temperature in our crystals. In Figure 8 , the anisotropy of H c2 , γ≡H We confirm that the temperature dependences of H c c2 (T )'s well follow the two-gap dirty-limit prediction while they deviate from the one-gap WHH prediction, regardless of inclusion of the spin-paramagnetic effect. On the other hand, H ab c2 (T ) of our crystals show the downturn curvature, consistent with the earlier observation in NdFeAsO 1−x F x single crystal and AEFe 2 As 2 compounds. The importance of paramagnetic effect on the downturn curvature in H ab c2 (T ) has already been pointed out for NdFeAsO 1−x F x single crystal and AEFe 2 As 2 compounds, but H ab c2 (T ) data were analyzed only within the two-gap model [9, 10, 11, 16] . In this study, the temperature dependences of H ab c2 (T )'s are analyzed in terms of two-gap model and the WHH theory including the paramagnetic effect. Our analysis clearly indicates that the flattening of H ab c2 (T ) is governed mainly by the paramagnetic pair-breaking effect rather than the two-gap effect. This study shows that the upper critical field in Smbased iron-pnictides is determined by the complex interplay of a two-band nature and the paramagnetic effect depending on the direction of magnetic field application with respect to the crystal axes. We believe this is the generic characteristics of different families of iron-pnictide compounds. T c, onset 
